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The NF-kB transcription factor regulates numerous
immune responses but its contribution to inter-
leukin-17 (IL-17) production by T cells is largely
unknown. Here, we report that IL-17, but not inter-
feron-g (IFN-g), production by gd T cells required
the NF-kB family members RelA and RelB as well
as the lymphotoxin-b-receptor (LTbR). In contrast,
LTbR-NF-kB signaling was not involved in the differ-
entiation of conventional ab Th17 cells. Impaired
IL-17 production in RelA- or RelB-deficient T cells re-
sulted in a diminished innate immune response to
Escherichia coli infection. RelA controlled the
expression of LT ligands in accessory thymocytes
whereas RelB, acting downstream of LTbR, was
required for the expression of RORgt and RORa4
transcription factors and the differentiation of thymic
precursors into gdT17 cells. Thus, RelA and RelB
within different thymocyte subpopulations coop-
erate in the regulation of IL-17 production by gd
T cells and contribute to the host’s ability to fight
bacterial infections.
INTRODUCTION
Naive CD4+ T cells can be polarized into T helper 1 (Th1), Th2, or
Th17 effector cells depending on the cytokine milieu at the time
of antigen stimulation. Th1 cells promote inflammatory reactions
and cellular immune responses against intracellular microbes
mainly via interferon-g (IFN-g). Th2 cells, through secretion of
interleukin-4 (IL-4), IL-5, and IL-13, induce humoral immune
responses and are important for the elimination of extracellular
parasites (Murphy et al., 2000; Szabo et al., 2003). The hallmark
of the Th17 cell subset is the production of the proinflammatory
cytokines IL-17A (also called IL-17), IL-17F, and IL-22. IL-17
plays an important role in host defense against certain patho-
gens and has been shown to exacerbate various autoimmune
diseases, e.g., rheumatoid arthritis and multiple sclerosis (Korn
et al., 2009; Stockinger and Veldhoen, 2007). A major function364 Immunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc.of IL-17 is to potentiate inflammatory responses by the recruit-
ment of neutrophils to the site of infection (Forlow et al., 2001).
Similar to Th1 and Th2 cell subsets that require the transcription
factors T-bet and GATA3, respectively, differentiation into Th17
cells relies on the activation of the orphan nuclear receptor family
members RORgt and RORa4 (Ivanov et al., 2006; Yang et al.,
2008). Although most studies on IL-17 production focus on
conventional Th17 cells, other cell types, including gd T cells,
CD8+ T cells, natural killer T (NKT) cells, and neutrophils, are
also capable of secreting IL-17 (Roark et al., 2007, 2008;
Hamada et al., 2009; Intlekofer et al., 2008; Michel et al., 2008;
O’Brien et al., 2009; Rachitskaya et al., 2008).
gd T cells are an essential component of the innate immune
response, and one of their most striking features is the inherent
ability to very rapidly produce IL-17 and IFN-g (Roark et al.,
2007, 2008). In several infectious diseases (e.g.,M. tuberculosis
and E. coli infection), production of IL-17 by gd T cells is crucial
for the antibacterial response (Lockhart et al., 2006; Shibata
et al., 2007; Tagawa et al., 2004). There are many differences
between IL-17-producing gd T cells (gdT17 cells) and conven-
tional Th17 cells, suggesting that distinct mechanisms govern
the production of IL-17 in these two cell types. Differentiation
of Th17 cells from naive CD4+ ab T cells in the periphery requires
several days and depends on both T cell receptor (TCR) engage-
ment aswell as the cytokines IL-6 and TGF-b (Bettelli et al., 2006;
Mangan et al., 2006; Veldhoen et al., 2006). In contrast, gd T cells
are committed to IL-17 production already in the thymus (Jensen
et al., 2008; Ribot et al., 2009; Shibata et al., 2008). The factors
that contribute to this ‘‘developmental preprogramming’’ of gd
T cells are largely unknown. Furthermore, IL-17 production by
gd T cells is independent of IL-6 and can occur without prior
TCR engagement (Lochner et al., 2008). In fact, gd T cells
produce IL-17 in response to IL-23 alone, a cytokine known to
expand and stabilize already differentiated Th17 cells (Lockhart
et al., 2006; Shibata et al., 2007).
Activation of classical NF-kB occurs mainly in response to
inflammatory cytokines and pathogen-associated molecules
(e.g., LPS, TNF, or IL-1b), whereas the alternative NF-kB
pathway is activated in response to a subset of TNF family
members, including CD40L, LT (lymphotoxin), BAFF (B cell-acti-
vating factor), and RANKL (receptor activator of NF-kB ligand).
Classical NF-kB signaling leads to the activation of RelA and
c-Rel, which predominantly heterodimerize with p50. In contrast,
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p52 (Dejardin, 2006; Vallabhapurapu and Karin, 2009). Impor-
tantly, the two NF-kB pathways are not isolated from each other
but are embedded in a complex cross-communication network.
For instance, ligation of LTbR by its ligand LTa1b2 results not only
in the activation of the alternative pathway but also in the induc-
tion of classical NF-kB complexes (Yilmaz et al., 2003; Dejardin,
2006).
NF-kB family members are largely dispensable for the
establishment of normal frequencies of mainstream CD4+ or
CD8+ ab T cells. Instead, NF-kB activation in response to TCR
engagement is important for normal T helper effector responses
(Gerondakis et al., 2006). T cells lacking RelA or c-Rel show
impaired proliferation and cytokine production after stimulation
(Doi et al., 1997; Liou et al., 1999). RelB-deficient CD4+ ab
T cells have defects in Th1 cell differentiation (Corn et al., 2005),
whereas p50-deficient T cells exhibit reduced Th2 cell responses
without affecting Th1 cell differentiation (Das et al., 2001).
Because NF-kB regulates the development of unconventional
invariant natural killer T (iNKT) cells (Schmidt-Supprian et al.,
2004; Sivakumar et al., 2003; Stanic et al., 2004), we speculated
that NF-kB signaling might also affect development of gd T
lymphocytes. Furthermore, it has been shown that the differenti-
ation of gd T cells in thymus is influenced by LTbR signaling
(Silva-Santos et al., 2005). Given the crucial role of IL-17 in health
and disease and that gd T cells are an early source of this proin-
flammatory cytokine, it was important to determine whether
NF-kB contributes to the differentiation of gdT17 cells.
We show here that, in contrast to iNKT cells, NF-kB was
dispensable for the generation of normal numbers of gd T cells.
However, NF-kB regulated IL-17 production in gd T cells
whereas it was dispensable for the differentiation of conventional
IL-17-producing ab Th17 cells. Moreover, the NF-kB family
members RelA and RelB played different roles in distinct thymo-
cyte populations in the regulation of LT signaling and RORgt
expression and thus differentiation of thymic precursors into
gdT17 cells. Impaired IL-17 production by NF-kB-deficient gd
T cells resulted in a diminished innate immune response to
E. coli infection. Thus, distinct mechanisms regulate IL-17
production in innate gd and conventional ab T cells.
RESULTS
Splenic gd T Cells from Naive Mice Rapidly Produce
IL-17 in Response to Stimulation Ex Vivo
To assess whether NF-kB signaling is important for gd T cell pop-
ulations, different organs of NF-kB mutant mice were investi-
gated. Flow cytometric analysis of spleen, gut, liver, lung, and
thymus did not reveal major defects in gd T cell frequencies or
absolute numbers in adult Relb/, Nfkb1/, and Nfkb2/
mice (see Table S1 available online).
gd T cells have been reported to release inflammatory cyto-
kines.We analyzed the production of IFN-g and IL-17 by intracel-
lular staining and flow cytometry. Consistent with previous
reports, splenic gd T cells from naive wild-type (WT) mice rapidly
produced IL-17 in response to ex vivo stimulation with PMA and
ionomycin (Figure S1A). We also found that the major IL-17-
producing gd T cell subpopulation in spleen expressed the
TCR invariant Vg4 chain whereas the frequency of gdT17 cellsamong Vg4 cells was only 1/5 of the frequency in the Vg4+ pop-
ulation (Figures S1B and S1C). In marked contrast, PMA and
ionomycin stimulation of WT CD4+ ab T cells induced only
minimal amounts of IL-17 (Figure S1D). Thus, in contrast to cyto-
kine-dependent development of an adaptive Th17 cell response,
rapid production of IL-17 by gd T cells can occur in response to
polyclonal stimulation alone.
p52 and RelB Are Required for Splenic gd T Cells
to Produce IL-17
We next investigated whether the ability of gd T cells to produce
IL-17 is dependent on NF-kB. Production of IL-17 in RelB-defi-
cient gd T cells was markedly reduced compared to WT cells
and this defect was even stronger in the Vg4+ subpopulation
(Figures 1A and 1C). Similarly, gd T cells from p52-deficient
(Nfkb2/) mice failed to produce normal amounts of IL-17. In
contrast, gd T cells frommice lacking the p50 subunit (Nfkb1/)
produced IL-17 similar to WT controls (Figures 1B and 1C). The
amount of IFN-g was not markedly affected in gd T cells from
NF-kB mutant mice and served as a control for the stimulation
(data not shown). These findings indicate that RelB and p52
are critically involved in the production of IL-17 by gd T cells.
Mice Deficient in RelA or RelB in T Cells Showed
a Strong Reduction in IL-17+ gd T Cell Frequencies
RelA and RelB are the respective key players in the classical and
alternative NF-kB activation pathways. However, the precise
role of these transcription factors in the immune system is diffi-
cult to address because of the lethality of Rela/ embryos
(Beg et al., 1995) and marked autoimmune inflammation in
Relb/mice (Weih et al., 1995). Thus, impaired IL-17 production
by gd T cells from Relb/ mice may be due to other defects
present in thesemice rather than reflecting a T cell-intrinsic func-
tion of RelB. To circumvent these limitations, T cell-specific RelA
and RelB mutant mice were generated by crossing conditional
Relaflox and Relbflox with Lck-cre transgenic mice. Efficiency of
deletion mediated by the Cre recombinase in such RelaDTlck
and RelbDTlck mice was determined by PCR performed on
genomic DNA from sorted T lymphocyte subpopulations. Dele-
tion was complete in both thymic CD4+CD8+ (double-positive;
DP) and gd T cells. RelA and RelBwere also inactivated in splenic
ab and gd T cells (Figure S2). Flow cytometric analysis revealed
that similar to gd T cells from conventional RelB-deficient mice,
spleens from RelbDTlck mice had markedly reduced frequencies
of IL-17-producing gd T cells. Conditional deletion of RelA in
T cells also resulted in decreased numbers of gd T cells express-
ing IL-17 (Figure 2A). Figure 2B summarizes the frequencies of
gdT17 cells among total TCRd+ or Vg4+ T cells from mutant
mice compared to controls. Frequencies of Vg4+ T cells were
normal in RelA or RelB mutant mice (data not shown).
To examine whether RelA and RelB regulated the production
of IL-17 in gd T cells at the transcriptional level, we determined
Il17a mRNA expression in PMA and ionomycin-stimulated gd
T cells by quantitative RT-PCR (qRT-PCR). Il17a transcripts
were clearly underrepresented in activated gd T cells purified
from spleens of both RelaDTlck and RelbDTlck mice, demon-
strating that the defect in IL-17 production is already evident at
the transcriptional level (Figure 2C, left). Expression of the highly
homologous Il17f gene was also markedly reduced in RelA- andImmunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc. 365
Figure 1. p52 and RelB Regulate the Potential of Splenic gd T Cells
to Produce IL-17
(A and B) CD3+ splenocytes from (A) WT and Relb/ as well as from (B)
Nfkb1/ and Nfkb2/mice were sorted by flow cytometry and subsequently
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366 Immunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc.RelB-deficient gd T cells compared to controls (Figure 2C, right).
Thus, RelA and RelB are required for efficient transcription of
Il17a and Il17f in stimulated gd T cells.
Because the T cell-specific loss of RelB resulted in strongly
reduced frequencies of IL-17+ gd T cells, we asked whether
the gain of RelB function has a positive effect on gdT17 cell
numbers. We therefore used transgenic mice that overexpress
RelB under the control of the Lck promoter (Lck-Relbtg) (Weih
et al., 1996). Stimulation of gd T cells with PMA and ionomycin
resulted in almost 4-fold higher frequency of IL-17A+ cells in
Lck-Relbtg mice compared to littermate controls (Figure 2D),
demonstrating that overexpression of RelB in T cells is sufficient
to increase gdT17 numbers.
RelaDTlck and RelbDTlck Mice Have Defects in Neutrophil-
Dependent Inflammatory Responses to E. coli Infection
Rapid production of IL-17 by gd T cells contributes to the first line
of defense against pathogens. The functional role of gdT17 cells
in bacterial clearance is closely related to neutrophil recruitment
to the site of infection. Consistent with this, TCRd-deficient mice
have impaired neutrophil-mediated inflammatory responses
(King et al., 1999; Moore et al., 2000). Moreover, IL-17 secreted
from gd T cells is essential for neutrophil recruitment and host
protection in response to E. coli infection (Shibata et al., 2007).
To test whether the reduced IL-17 production by gd T cells in
RelaDTlck and RelbDTlck mice had in vivo consequences for the
innate immune response against bacterial infection, we inocu-
lated mice i.p. with E. coli and analyzed infiltrating cells from
the peritoneal cavity. Neutrophils were identified by high Gr-1
and the absence of the lineage markers CD3, CD19, and
F4/80. Infection of B6 mice with E. coli resulted in a massive
neutrophil influx compared to PBS-injected controls. In contrast,
peritoneal neutrophil numbers were 1/3 of wild-type in both
RelaDTlck and RelbDTlck mice (Figures 3A and 3B). To correlate
neutrophil influx with IL-17 production, we determined IL-17
concentrations in peritoneal exudates 6 hr after E. coli infection.
IL-17 protein concentrations were significantly reduced in both
RelaDTlck and RelbDTlck mice compared to control animals, indi-
cating an impaired gd T cell- and IL-17-dependent innate
immune response (Figure 3C).
Thymic Differentiation of IL-17-Producing gd T Cells
Requires LTbR-Mediated Activation of RelA and RelB
It has been proposed that gd T cells acquire the capacity to
secrete IL-17 during their thymic differentiation (Jensen et al.,
2008; Ribot et al., 2009; Shibata et al., 2008). Therefore, we
investigated whether the impaired IL-17 production in splenic
RelA- or RelB-deficient gd T cells originated in thymus. In line
with previous reports (Do et al., 2010; Haas et al., 2009; Shibata
et al., 2008), thymic gd T cells were able to produce IL-17 in
response to PMA and ionomycin stimulation. This ability was
strongly impaired by the absence of RelA or RelB, indicating
that NF-kB regulates the differentiation of gdT17 cells in thymus.stimulated with PMA+ionomycin for 4 hr. Cells were fixed and stained for intra-
cellular IL-17A. Representative dot plots are gated on total TCRd+ (top) or
Vg4+ gd T cells (bottom).
(C) Graphs summarize data from three to five independent experiments. NS,
not significant; *p < 0.03; **p < 0.01 (Student’s t test; mean values ± SD).
Figure 2. Mice Lacking RelA or RelB Specifically in T Cells Have
Strongly Reduced Frequencies of IL-17-Producing gd T Cells
(A) CD3+ splenocytes from control, RelaDTlck, and RelbDTlck mice were sorted
by flow cytometry and subsequently stimulated with PMA+ionomycin for
4 hr. Cells were fixed and stained for intracellular IL-17A. Representative dot
plots were gated on total TCRd+ (top) or Vg4+ gd T cells (bottom). Numbers
represent mean values ± SD from four to six mice.
(B) Scatter plots show frequencies of IL-17A-producing cells among total
TCRd+ (left) and Vg4+ gd T cells (right). Each symbol represents one mouse
of the respective genotype.
(C) qRT-PCR for il17a and il17f mRNA expression in 4 hr stimulated gd T cells
from control, RelaDTlck, and RelbDTlck mice. NS, not significant; *p < 0.03;
**p < 0.01; ***p < 0.001.
(D) gd T cells from control and transgenic mice overexpressing RelB under the
control of the Lck promoter (Lck-Relbtg) were stimulated with PMA+ionomycin
for 4 hr, fixed, and stained for intracellular IL-17A. Representative histogram
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was not significantly altered in RelaDTlck and RelbDTlck mice
(Figures 4A and 4B).
The LT signaling pathway is linked to gd T cell differentiation
(Silva-Santos et al., 2005). We therefore analyzed the ability of
gd T cells from LTbR-deficient mice to produce IL-17. Lack of
LTbR resulted in strongly reduced frequencies of IL-17+ thymic
gd T cells in response to PMA and ionomycin stimulation
(Figure 4C). Impaired production of IL-17 by thymic gd T cells
was also observed in mice double deficient for TNF and LTa,
although to a lesser extent. LIGHT (encoded by Tnfsf14), another
member of the TNF superfamily of cytokines, also triggers NF-kB
activation downstream of the LTbR. Similar to Tnf/Lta/,
Tnfsf14/ mice also had a significant defect in the production
of IL-17 by thymic gd T cells (Figure 4C). Soluble homotrimeric
LTa3 can also bind to the TNF receptor (TNFR). TNFR signaling,
however, was dispensable because stimulated gd T cells from
Tnfrsf1a/ and Tnfrsf1b/ mice produced normal amounts of
IL-17 (Figure 4C), confirming the importance of selective
signaling through the LTbR. In contrast, none of the gd T cell pop-
ulations from the different gene-deficient mice had a defect in the
production of IFN-g (Figure S3). Thus, membrane LTa1b2- and
LIGHT-mediated activation of the LTbR is crucially involved in
the establishment of a thymic IL-17+ gd T cell pool.
Like gdT17 cells, natural IL-17-producing ab Th17 (nTh17) cells
also develop in thymus in the absence of peripheral stimuli or
inflammation and require RORgt for their IL-17 production
whereas the role of IL-6 and STAT3 signaling is controversial
(Marks et al., 2009; Tanaka et al., 2009). We therefore investi-
gated whether induction of nTh17 cells is also dependent on LT
signaling and NF-kB activation. Analysis of TCRb+CD4+CD44hi
thymocytes from RelaDTlck, RelbDTlck, and Ltbr/mice revealed
markedly reduced IL-17 production in all mutant cells compared
to controls (Figure 4D). Thus, similar to gdT17 cells, thymic differ-
entiation of nTh17 cells is also regulated by LTbR and NF-kB
signaling.
LTbR-NF-kB Signaling Is Dispensable
for the Differentiation of Conventional
Inducible ab Th17 Cells
To examine whether NF-kB and LTbR are also involved
in conventional Th17 cell differentiation, naive CD4+CD62Lhi
CD44lo ab T cells were isolated from spleens of RelaDTlck,
RelbDTlck, Ltbr /, and control mice and cultured to generate
Th17 cells. Both RelA- and RelB-deficient cultures—primed
under Th17 cell-inducing conditions—generated similar
numbers of IL-17+ cells as controls (Figure 5A). Notably, LTbR
was also dispensable for the generation of conventional Th17
cells (Figure 5B). Consistent with this observation, RelA-,
RelB-, and LTbR-deficient ab T cells expressed normal amounts
of Il17a and Il17f mRNA on day 3 of Th17 cell polarization (Fig-
ure 5C). Thus, differentiation of conventional peripheral Th17
cells from naive CD4+ ab T cells is independent of signals from
the LTbR and activation of RelA or RelB. Moreover, this result
shows that the regulation of IL-17 production in these T cell
subpopulations is differentially regulated by LT and NF-kB.plots gated on total (top) or Vg4+ gd (bottom) T cells from three to four exper-
iments are shown.
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Figure 3. Both RelaDTlck and RelbDTlck Mice
Have an Impaired Innate Inflammatory
Response to Intraperitoneal E. coli Infection
(A) Peritoneal exudates were harvested from
RelaDTlck, RelbDTlck, and corresponding littermate
control mice 24 hr after i.p. injection of 20 3 106
CFU E. coli. Infiltration of neutrophils
(Gr-1hiCD3CD19F4/80) into the peritoneal
cavity was measured by flow cytometry. Repre-
sentative dot plots from three to five experiments
are shown (mean values ± SD).
(B) Absolute numbers of neutrophils in peritoneal
exudates were calculated.
(C) IL-17 levels in the peritoneal fluid of indicated
mice were assessed by ELISA 6 hr after E. coli
injection.
Data in (B) and (C) represent three to five mice per
group. NS, not significant; **p < 0.01.
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NF-kB Controls IL-17 Production in gd CellsRelA and RelB, in Distinct Thymocyte Populations,
Cooperate to Enable gd T Cells to Produce IL-17
Thymic differentiation of gdT17 cells is positively regulated by DP
thymocytes, i.e., ligand-expressing thymocytes induce matura-
tion of gd T cell precursors by signaling through LTbR (Silva-San-
tos et al., 2005). Thus, impaired differentiation of gdT17 cells in
thymi of RelaDTlck and RelbDTlck mice could be due to impaired
activation of RelA and RelB within gd T cell precursors down-
stream of the LTbR or due to reduced expression of the ligands
LTa, LTb, and/or LIGHT on accessory thymocytes. To address
this, we used Cd4-cre instead of Lck-cre transgenic mice, which
abrogate RelA and RelB expression in all DP thymocytes but not
in gd T cells (Figure S2). Interestingly, the frequency of IL-17-
producing thymic gd T cells was clearly reduced in RelaDTCD4
but not in RelbDTCD4 mice (Figure 6A).
To investigate whether RelA regulates gdT17 cell frequency by
controlling the expression of LT and/or LIGHT in accessory cells,
we analyzedmRNA in thymocytes fromRelaDTCD4 andRelbDTCD4
mice. As shown in Figure 6B, Lta, Ltb, and Tnfsf14 mRNA
expression was significantly reduced in thymocytes that lacked
RelA whereas expression of the respective mRNAs from
RelBDTCD4 thymocytes was similar to controls. The reduction in
gdT17 cells was comparable in RelaDTlck and RelaDTCD4 thymi,
indicating that RelA regulates IL-17 production in gd T cells via
controlling expression of LT ligands in accessory thymocytes.
RelB, on the other hand, was required in gd T cell precursors.
Lack of RelB in gd T Cell Precursors Results
in a Reduction of Rorc mRNA
The Th17 cell-determining transcription factor RORgt has
been shown to be also essential for IL-17-producing gd T cells368 Immunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc.(Lochner et al., 2008). To elucidate the
mechanism by which RelB may regulate
IL-17+ gd T cells, we analyzed Rorc
mRNA (encoding RORgt). qRT-PCR anal-
ysis of PMA and ionomycin-stimulated
splenic gd T cells from RelBDTlck and
littermate control mice revealed that
Rorc was constitutively expressed in WT
gd T cells and that its mRNA expressionwas not markedly upregulated upon further stimulation. In
contrast, Rorc expression was markedly reduced in RelB-defi-
cient gd T cells (Figure 7A, left). RORa4, another member of
the orphan nuclear receptor family, has also been linked to the
differentiation of Th17 cells. Rora transcripts (encoding RORa4)
were increased 3- to 4-fold upon stimulation of WT gd T cells
whereas Rora mRNA expression remained at basal amount in
stimulated RelB-deficient gd T cells (Figure 7A, middle).
In addition to RORgt and RORa4, we also considered other
factors that may regulate IL-17 production in gd T cells. IRF-4
(interferon-regulatory factor 4) is an interesting candidate
because it is essential for the differentiation of ab Th17 cells
(Bru¨stle et al., 2007; Huber et al., 2008) and induction of IRF-4
in activated lymphocytes may be regulated by NF-kB (Grumont
and Gerondakis, 2000). We therefore assessed Irf4 mRNA
expression in stimulated gd T cells from RelBDTlck and control
mice. WT gd T cells showed a robust upregulation of Irf4 expres-
sion in response to PMA and ionomycin. Interestingly, stimulated
RelB-deficient gd T cells expressed Irf4 at amounts similar to
controls (Figure 7A, right). Moreover, frequencies of thymic and
splenic gdT17 cells were not reduced in IRF4-deficient mice
(Figure S4). Together, these results indicate that Irf4 is not
a downstream target of RelB and that IRF4 is dispensable for
IL-17 production by gd T cells. Upregulation of RORgt during
differentiation of conventional ab Th17 cells occurs in response
to IL-6-mediated STAT3 phosphorylation and nuclear transloca-
tion (Yang et al., 2007). However, in agreement with previous
results (Lochner et al., 2008), we found that the generation of
gdT17 cells was IL-6 independent (data not shown). Thus, it is
unlikely that STAT3 is involved in the production of IL-17 by gd
T cells. gd T cells from RelaDTlck mice also had diminished rorc
Figure 4. Thymic Differentiation of gdT17
Cells Is Dependent on Lymphotoxin
Signaling
(A) Thymocytes from control, RelaDTlck, and
RelbDTlck mice were depleted of CD8a+ cells and
subsequently stimulated with PMA+ionomycin
for 4 hr. Cells were fixed, stained for intracellular
IL-17A and IFN-g, and analyzed by flow cytometry
gating on TCRd+ cells.
(B) Scatter plots summarizing frequencies of
IL-17A+ (left) and IFN-g+ (right) cells among total
gd T cells from control, RelaDTlck, and RelbDTlck
mice.
(C) Thymocytes from mice deficient in the indi-
cated components of LT or TNF signaling path-
ways were treated as in (A) and production of
IL-17 by gd T cells was assessed by flow cytome-
try. Scatter plot depicting frequencies of IL-17A+
cells among total gd T cells from C57BL/6,
Ltbr /, Tnf/Lta/, Tnfsf14/, Tnfrsf1a/,
and Tnfrsf1b/ mice.
Each round symbol in (B) and (C) represents one
mouse of the respective genotype. Horizontal
bars indicate mean values. Statistically significant
differences are indicated. *p < 0.05; ***p < 0.001.
(D) Thymocytes from control, RelaDTlck, RelbDTlck,
and Ltbr/ mice were depleted of CD8a+ cells
and stimulated for 2 hr with PMA+ionomycin.
IL-17 production in nTh17 cells was analyzed by
intracellular staining, gating on TCRb+CD4+CD44+
events. Graph depicts frequencies of thymic
IL-17+ ab nTh17 cells. Respective controls were
set to 100%. **p < 0.01; ***p < 0.001.
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RelbDTlck mice (data not shown).
In agreement with normal IL-17 production in conventional
Th17 cells from RelaDTlck and RelbDTlck mice (Figure 5), we did
not find significant changes in Rorc and Rora mRNA expression
in in vitro differentiated RelA-, RelB-, and LTbR-deficient ab Th17
cells compared to controls (Figure 7B). Thus, NF-kB controls
IL-17 production and Rorc expression selectively in gd T cells.
To examine whether the reduction in Rorc mRNA expression
was sufficient to cause diminished IL-17 in thymic gd T cells
from RelB mutant mice, we compared IL-17 production in gd
T cells from control and heterozygous Rorc/+ mice. As shown
in Figure 7C, gd T cells from Rorc/+ mice had markedly reduced
frequencies of gdT17 cells in thymus and spleen, indicating that
full expression of Rorc is crucial for normal IL-17 production by
gd T cells. Production of IFN-g in gd T cells from Rorc/+ mice
was similar to controls (data not shown).
Together, our data indicate that the lack of RelA in accessory
thymocytes results in low expression of LT ligands and conse-
quently in impairedLTbRactivationofgdTcell precursors, leading
to diminished IL-17 production by gd T cells. RelB, on the other
hand, is dispensable in accessory thymocytes but is required
downstream of the LTbR to regulate RORgt (and RORa4) levels,
enabling thymic gd T cell precursors to differentiate into mature
IL-17-producing gd T lymphocytes (see model in Figure S5).DISCUSSION
The present study was initiated based on our previously pub-
lished observation that NF-kB family members have distinct,
nonredundant functions in the development of iNKT cells
(Sivakumar et al., 2003; Vallabhapurapu et al., 2008). Here, this
view was extended to address the role of NF-kB for the develop-
ment and function of another population of nonconventional
T cells expressing the gd form of the T cell receptor, gd T cells.
This study revealed that NF-kB family members are largely
dispensable for the generation of normal numbers of gd T cells
in thymus and peripheral tissues, indicating that NF-kB is also
not required for proper export of gd T cells from thymus, tissue
homing, and/or peripheral maintenance. However, NF-kB is
essential for the regulation of IL-17 expression in gd T cells
whereas it is dispensable for the induction of IL-17 in conven-
tional ab Th17 cells. Numbers of gdT17 cells in thymus and
spleen are decreased to a similar extent, indicating that the
defect originates in thymus. This is also supported by the
reduced frequencies of thymic nTh17 cells in NF-kB mutant
mice.
We further demonstrate that the NF-kB family members
RelA and RelB play unique roles in different thymocyte popula-
tions in the regulation of LT signaling-dependent commitment
of gd T cells to IL-17 production in thymus. By using differentImmunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc. 369
Figure 5. Both NF-kB and LTbR Are
Dispensable for the Generation of Conven-
tional Th17 Cells
(A and B) Naive splenic CD4+CD62LhiCD44lo
ab T cells from control, RelaDTlck, RelbDTlck (A),
and Ltbr/ (B) mice were sorted, activated by
anti-CD3 and anti-CD28, and cultured for 6 days
under Th17 cell polarizing conditions. Equal
numbers of viable cells were then restimulated,
stained for intracellular IL-17A and IFN-g, and
analyzed by flow cytometry. Numbers in dot plots
indicate mean values ± SD from three to four inde-
pendent experiments.
(C) Naive splenic T cells from indicated mice were
activated as described above and expanded for
3 days under Th17 cell polarizing conditions. Total
RNAwas analyzed for expression of Il17a and Il17f
mRNA by qRT-PCR. Values were normalized to
b-actin mRNA and are presented as expression
of the gene of interest in mutant versus WT Th17
cells (latter were set to 100%).
Immunity
NF-kB Controls IL-17 Production in gd Cellstransgenic mouse lines, which abrogate RelA or RelB function
either in both gd and DP thymocytes (Lck-cre) or just in the DP
compartment (Cd4-cre), we showed that RelB function was
necessary within differentiating gd T cell precursors for their
ability to produce IL-17. Moreover, activation of RelB by LT or
LIGHT via LTbR signaling is apparently an essential step in the
differentiation of gdT17 cells because gd T cells from LTbR-defi-
cient mice are defective in the production of IL-17. The compa-
rable loss of IL-17 production in RelaDTlck (deletion in both DP
thymocytes and thymic gd T cells) and in RelaDTCD4 mice
(deletion only in DP thymocytes) suggests that RelA is predom-
inantly required within DP thymocytes rather than directly in gd
T cell precursors. Thus, themajor role of RelA in gdT17 cell differ-
entiation may be the regulation of steady-state expression of
LTa, LTb, and LIGHT ligands in accessory thymocytes. However,
we cannot completely rule out that RelA activation downstream
of the LTbR synergizes with RelB to drive the differentiation of gd
T cell precursors to gdT17 cells (see model in Figure S5). Final
proof for this possibility could be achieved with conditional
knockout mice that lack RelA specifically in gd T cells.
Given the critical role of gd T cell-derived IL-17 in the early
phase of neutrophil-mediated bacterial clearance (Shibata
et al., 2007; Roark et al., 2007, 2008), it was important to assess
whether impaired IL-17 production by gd T cells from RelaDTlck
and RelbDTlck mice influences this innate immune response
in vivo. In line with other reports (Shibata et al., 2007; Tagawa
et al., 2004), we observed that challenge with E. coli induced
a rapid and massive neutrophil influx into the peritoneal cavity
of infectedWTmice. In contrast, neutrophil infiltration was signif-
icantly reduced in RelaDTlck and RelbDTlck animals, correlating
with clearly reduced IL-17 protein levels in the peritoneal cavity
of mutant mice. The loss of RelA in T cells results in severely370 Immunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc.reduced numbers of thymic and periph-
eral iNKT cells (Vallabhapurapu et al.,
2008) and similar to gd T lymphocytes,
iNKT cells are able to rapidly secrete
IL-17 without prior antigen priming andindependent of IL-6 (Michel et al., 2007, 2008; Rachitskaya
et al., 2008). Therefore, impaired E. coli-induced neutrophil
recruitment into the peritoneal cavity of RelaDTlck mice may be
in part due to a reduced frequency of peripheral iNKT cells. We
consider this possibility unlikely because both RelaDTlck and
RelbDTlck mice were equally compromised in their ability to
recruit neutrophils despite differences in peripheral iNKT cell
numbers. Also, gd T cells represent the major IL-17-producing
T cell population in the peritoneal cavity of E. coli-infected
mice (Shibata et al., 2007). Thus, impaired recruitment of neutro-
phils into the peritoneal cavity of E. coli-infected RelaDTlck and
RelbDTlck mice is most probably due to reduced secretion of
IL-17 from RelA- or RelB-deficient gd T cells. However, because
nTh17 cells have been shown to regulate airway neutrophil accu-
mulation in response to LPS (Tanaka et al., 2009), we cannot rule
out that the reduced numbers of nTh17 cells in RelaDTlck and
RelbDTlck mice also contribute to this phenotype.
Similar to gdT17 cells reported here, it has been shown that
IFN-g production by gd T cells is established in thymus. Whereas
IFN-g production is predetermined mainly by CD27 signaling,
IL-17 production is restricted to CD27 gd T cells (Ribot et al.,
2009). Thus, two TNF receptor family members establish the
cytokine profile of peripheral gd T cells already in thymus:
CD27 for IFN-g (Ribot et al., 2009) and LTbR for IL-17 (this
report). Whereas RelA and RelB are required for LTbR-induced
production of IL-17, they are dispensable for the IFN-g response
of gd T cells. CD27 transduces signals that lead to the activation
of both NF-kB and MAPK8/JNK (Akiba et al., 1998). Because
IFN-g expression is not affected by the loss of RelA or RelB in
gd T cells, it would be interesting to investigate whether the
MAPK pathway regulates CD27-mediated IFN-g production in
gd T lymphocytes.
Figure 6. RelA Regulates IL-17 Production in gd T Cells by Control-
ling LT Ligand Expression in Accessory Thymocytes whereas RelB
Is Required in gd T Cell Precursors
(A) Thymic gd T cells from control, RelaDTCD4, and RelbDTCD4 mice were stim-
ulated with PMA+ionomycin for 4 hr and intracellular IL-17A levels were
measured by flow cytometry. Graphs summarize frequencies of IL-17+ gd
T cells among thymocytes from RelaDTCD4 (left) and RelbDTCD4 (right) mice.
Respective controls were set to 100%. ***p < 0.001.
(B) Steady-state mRNA levels of Lta, Ltb, and Tnfsf14 in thymocytes from
control, RelaDTCD4, and RelbDTCD4 mice were measured by qRT-PCR.
*p < 0.05.
Figure 7. NF-kB-Deficient gd T Cells, but Not ab Th17 Cells, Have
Reduced Rorc Basal mRNA and Fail to Upregulate Rora mRNA
Expression upon Stimulation
(A) gd T cells from RelBDTlck and WT mice were either left untreated or stimu-
lated for 4 hr with PMA+ionomycin, and expression ofRorc (left),Rora (middle),
and Irf4 mRNA (right) was assessed by qRT-PCR. Data are representative of
pooled cells from four to six mice.
(B) Normal Rorc and Rora mRNA expression in in vitro differentiated CD4+ ab
Th17 cells from RelaDTlck (white bars), RelbDTlck (gray bars), and Ltbr/ (black
bars) mice. WT controls were set to 100%.
(C) Thymocytes depleted of CD8a+ cells (left) and CD3+ splenocytes (right)
from naive B6 and heterozygous mice (Rorc+/) were stimulated with
PMA+ionomycin for 4 hr. Cells were fixed and stained for intracellular
IL-17A. Frequencies of IL-17+ gd T cells are shown. Data represent three inde-
pendent experiments. NS, not significant; ***p < 0.001.
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NF-kB Controls IL-17 Production in gd CellsDifferentiation of conventional Th17 cells is controlled by the
induction of the transcription factors RORgt and RORa4 via
IL-6-mediated activation of STAT3 (Ivanov et al., 2006; Yang
et al., 2008). Several studies indicate that the expression of
RORgt correlates with IL-17 production by a subset of gd
T cells, linking also the differentiation of gdT17 cells to RORgt
function (Lochner et al., 2008; Ribot et al., 2009; Shibata et al.,
2008). Here, we showed that both RORgt and RORa4 were
expressed in gd T cells. However, unlike Rorc, Rora mRNA
expression was strongly upregulated in response to PMA
and ionomycin. Notably, we provide evidence that both Rorc
steady-state as well as activation-induced Rora expression in
gd T cells, but not in conventional ab Th17 cells, are positively
regulated by RelB, suggesting a cell type-specific requirement
of NF-kB family members for the proper expression of ROR tran-
scription factors.
The reduction of Rorc mRNA in RelB-deficient gd T cells is
apparently sufficient to impair IL-17 production because gd
T cells from heterozygous Rorc/+ mice also have markedly
decreased gdT17 cell numbers. The possibility that gd T cells
depend more on RORgt than ab Th17 cells and the indepen-
dence of gdT17 cell differentiation from IRF4-, IL-6-, andSTAT3 (Lochner et al., 2008; data not shown) suggest that
both IL-17-producing T cell populations use alternative mecha-
nisms to regulate RORgt and RORa4 expression. Reduced
expression of RORgt and RORa4 correlates with low Il17a
mRNA in stimulated mutant gd T cells, suggesting that both
ROR transcription factors act downstream of NF-kB to activate
IL-17 production in gd T cells. A direct regulation of the Rorc,
Rora, Il17a, and Il17f promoters by RelB, however, is unlikely
because bioinformatic analysis of the respective mouse
promoter regions did not reveal prominent and evolutionary
conserved NF-kB binding sites (data not shown). Moreover, it
has recently been shown that pharmacological inhibition of
p38, PKC, and PI3K blocks microbial colonization-driven IL-17
production by peritoneal and lung gd T cells (Duan et al.,
2010). This observation suggests that other pathwaysmay coop-
erate with LT-NF-kB signaling to regulate the expansion of IL-17-
producing gd T cells. Further analyses are required for a better
understanding of the molecular mechanisms that regulate
RORgt and RORa4 expression specifically in gdT17 cells.
Thus, our report unravels distinct T cell-intrinsic functions
of the NF-kB family members RelA and RelB with a specific
requirement for RelA in accessory thymocytes and for RelB in
thymic gd T cell precursors to enable peripheral gd T cells toImmunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc. 371
Immunity
NF-kB Controls IL-17 Production in gd Cellsrapidly produce IL-17, which results in an improved host ability to
fight bacterial infections.
EXPERIMENTAL PROCEDURES
Mice
Nfkb1/, Nfkb2/, Relb/, Ltbr/, Tnf/,Lta/, Tnfsf14/, Tnfrsf1a/,
Tnfrsf1b/, Il6/, Irf4/, Rorc/, Relafl/fl, and Relbfl/fl mutant mice as well
as Lck-Relbtg, Lck-cretg, and Cd4-cretg transgenic mice have been
described previously. For more information and references see Supplemental
Experimental Procedures. All animals were housed in the SPFmouse facility of
the FLI. Animal care and experiments were performed in accordance with the
ethic committee guidelines.
Cell Purification, In Vitro Stimulation, and Culture
Culture medium in all experiments was RPMI 1640 (GIBCO Invitrogen) supple-
mented with 2 mM L-glutamine, 10% heat-inactivated FBS, 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 2 mM b-mercaptoethanol (all GIBCO
Invitrogen). For intracellular detection of cytokines in activated gd T cells,
thymocyte populations were depleted of CD8a+ cells on an AutoMACS with
anti-CD8amagnetic microbeads (Miltenyi Biotec GmbH). Splenocyte samples
were depleted of B cells by staining with anti-CD19 (eBioscience, D3) followed
by FACS sorting (BD FACSAria). Enriched cell populations were stimulated for
4 hr with 10 ng/ml PMA and 0.5 mg/ml ionomycin (both from Sigma Aldrich) in
the presence of 10 mg/ml Brefeldin A (eBioscience).
For in vitro Th17 cell differentiation, splenic CD4+ ab T cells were purified by
flow cytometry as naive CD62LhiCD44lo population (>98.5%purity). Cells were
then stimulated with plate-bound CD3 (145-2C11) and CD28 (37.51) mAb
(10 mg/ml each) in medium supplemented with cytokines IL-6 (BD Bioscience;
20 ng/ml), TGF-b (PeproTech; 2 ng/ml), IL-1b (PeproTech; 10 ng/ml), TNF
(ImmunoTools; 10 ng/ml), and blocking mAbs against IFN-g (R4-6A2) and
IL-4 (11B11) (both BDBioscience; 10mg/ml) (Veldhoen et al., 2006). Expanded
cells were harvested after 3 days for RNA extraction. For determination of
intracellular cytokine production, cells were restimulated on day 7 for 6 hr
with immobilized CD3/CD28 mAbs. Brefeldin A was added for the last 4 hr
of culture. Preparation of mononuclear cells was performed as described in
Supplemental Experimental Procedures.
Antibodies and Flow Cytometry
The following conjugated mAbs were used: anti-CD3-PE (145-2C11), anti-
CD4-FITC/PE (GK1.5), anti-CD8-Biotin/FITC/PE/APC/PE-Cy7/PacBlue/
eFluor450 (53-6.7), anti-CD11b-APC (M1/70), anti-CD16/32 (93), anti-CD19-
PE/PE-Cy7 (eBio1D3), anti-CD44-APC (IM7), anti-CD62L-FITC (MEL-14),
anti-F4/80-PE (BM8), anti-Gr-1-APC (RB6-8C5), 7/4-Biotin (Serotec;
MCA771B), anti-TCRb-PerCp-Cy5.5 (H57-597), anti-TCRd-PE (BD Biosci-
ence; GL3), and anti-Vg2-FITC (BD Bioscience; UC3-10A6). Biotinylated
mAbs were detected with Streptavidin-PerCp-Cy5.5. Antibodies were
obtained from eBioscience unless otherwise stated. After surface staining,
cells were fixed, permeabilized, and stained for intracellular cytokines with
IC Fixation Buffer, 103 Permeabilization Buffer, anti-IFNg-PacBlue
(XMG1.2), and anti-IL-17A-APC (eBio17B7). Flow cytometry was performed
with a BD FACSCalibur and BD FACSCanto II. Data were analyzed with BD
FACSDiva v6.0 software.
E. coli Infection and IL-17 ELISA
E. coli (ATCC number 26) were grown as described (Shibata et al., 2007) in
Nutrient Broth (BD 234000). Mice were infected i.p. with 20 3 106 CFU and
peritoneal exudates were harvested after 6 hr (IL-17 ELISA) or 24 hr (neutrophil
infiltration). Supernatants for ELISAs were obtained by centrifugation at
330 3 g for 5 min at 4C. IL-17 levels were measured with the Mouse IL-17
Platinum ELISA kit (eBioscience) according to manufacturer’s instructions.
qRT-PCR
RNA was extracted with RNAqueous-Micro (Ambion) and RNeasyMini Kits
(QIAGEN). RNA concentration was measured in a NanoDrop ND-1000
spectrophotometer and first-strand synthesis of cDNA was performed with
oligo(dT)12-18 primer and SuperScript II reverse transcriptase (Invitrogen) in372 Immunity 34, 364–374, March 25, 2011 ª2011 Elsevier Inc.accordance with the manufacturer’s instructions. qRT-PCRs were performed
in an iCycler Thermal Cycler real-time PCR machine (Bio-Rad) with SYBR
Green I as detector dye and reagents from the Quantace SensiMix DNA Kit
(Quantace Ltd.). For normalization, b-actin was used as an endogenous refer-
ence gene. Primer sequences for qRT-PCR are listed in Supplemental
Experimental Procedures.
Statistical Analysis
Data were analyzed with Student’s t test and statistical significance was
confirmed with analysis of variance (ANOVA) test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at
doi:10.1016/j.immuni.2011.02.019.
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